Controlled donation after circulatory death (DCD) donors make an important contribution to organ transplantation but there is considerable scope for further increasing the conversion of potential to actual DCD organ donors. The period between withdrawal of life-supporting treatment and death (the withdrawal period) is a major determinant of whether organ donation proceeds and it is therefore timely to review recent relevant studies in this area.
INTRODUCTION
Donation after circulatory death (DCD) donors have become a major source of organs for transplantation in the United Kingdom, The Netherlands, Australia and the USA, and several other countries are developing DCD organ transplant programmes [1 && ]. Even where well established DCD programmes exist, there is considerable scope for further expansion. Nevertheless, DCD donor schemes pose a number of important challenges in terms of identification of potential donors and managing them appropriately within an ethically and legally acceptable framework that maximizes the number of transplantable organs obtained and minimizes warm ischaemic injury [1 && ,2]. The vast majority of DCD donors are 'controlled' Maastricht category III donors [3] . Such donors do not fulfil the criteria for certification of death by neurological testing but most have irreversible brain injuries such that the clinicians caring for them have concluded that further treatment is not in the patient's best interest. Life-supporting treatment is therefore withdrawn, following which circulatory arrest occurs and death is verified. The period from withdrawal of life-supporting treatment to circulatory arrest is highly variable and may range from a few minutes to many hours, and occasionally days. Its duration and nature has a major impact on whether organ donation is likely to occur and on the quality of the organs retrieved for transplantation. This review provides a brief update on the latest outcomes after transplantation with organs from controlled DCD donors. It then outlines the challenges posed after withdrawal of life-supporting treatment in potential DCD donors, both for intensive care and transplant clinicians. Of particular
Outcome after transplantation with organs from donation after circulatory death donors
Recent analysis of outcome after transplantation with organs from DCD donors generally shows that the outcomes after kidney, pancreas and lung transplantation are broadly similar for DCD and donation after brain death (DBD) donor organs [4] [5] [6] [7] [8] [9] . However, it is important to note that current practice for DCD donor selection and organ retrieval is probably conservative and does not explore the extremes of warm ischaemia.
The largest experience of transplantation using organs from DCD donors relates to kidney transplantation. This is not only because they are the most common type of organ transplanted but also because, in contrast to other organ types, a period of delayed graft function resulting from ischaemic injury is not life threatening and can easily be supported by dialysis. Several recent single centre studies have shown that kidneys from DCD donors have a high rate of delayed graft function but graft survival is comparable with that for kidneys from DBD donors [4, 5] . In the United Kingdom, there has been a very marked increase in kidney donation after circulatory death accounting for over one-third of kidney transplants from deceased donors. Analysis of UK transplant registry data shows that kidneys from controlled DCD donors and DBD donors have similar graft survival and function up to 5 years following transplantation [6] . A more recent analysis confirmed these findings and shows that kidneys from older DCD donors fare as well as those from older DBD donors, although DCD kidneys are more susceptible to cold ischaemic injury [10 & ]. Similarly, recent single-centre studies of pancreas transplantation have shown that grafts from DCD donors have a similar outcome [7] , and UK registry data on pancreas transplantation have shown that early (1 year) graft survival is similarly good for grafts from DCD and DBD donors [11] . In the case of lung transplantation, several recent single centre reports have shown that grafts from DCD donors have similar outcomes to those reported for DBD donor organs [4, 8, 9, 12] .
In contrast with kidney, pancreas and lung transplants, liver transplantation using grafts from DCD donors is associated with a worse outcome and an increased risk of biliary complications, including ischaemic cholangiopathy [4] . A large cohort analysis derived from the United Network of Organ Sharing/Organ Procurement and Transplantation Network database revealed that, overall, recipients of liver transplants from DCD donors had significantly worse survival compared with those receiving grafts from DBD donors [13] . Children who received a DCD graft showed similar survival to those receiving a graft from a DBD donor, and for the whole DCD cohort, favorable donor characteristics included a cold ischaemic time of less than 8 h and warm ischaemic time less than 20 min [13] . Although DCD livers appear not to be as good as those from DBD donors, the outcomes following transplantation need to be balanced against the high waiting list mortality.
Terminology in controlled donation after circulatory death donors
Certain timepoints between withdrawal of treatment and in-situ cold perfusion of the organs are recognized (Fig. 1) , although the terminology around the various timeperiods varies and there is a need for an unambiguous and universally adopted nomenclature. Withdrawal of life-supporting treatment usually involves cessation of inotropes and disconnection of ventilatory support; in many cases the potential donor is also extubated at this timepoint. The donor then enters the withdrawal or agonal period, that is the time period up until asystole. During the withdrawal period the circulation may collapse very quickly, or there may be a period of continued respiration and circulatory stability until eventually respiration becomes less frequent and effective, and the blood pressure falls. At some point, during this withdrawal period, the blood pressure is no longer sufficient to maintain organ viability and 'functional' warm ischaemia
KEY POINTS
Outcomes after controlled DCD donor kidney, pancreas and lung transplantation are similar to that for organs from DBD donors, but DCD donor livers have a higher rate of biliary complications.
There is considerable scope for increasing further the conversion of potential controlled DCD organ donors to actual organ donors.
There are several clinical scoring systems for predicting the likely duration of the time to asystole after withdrawal of life-supporting treatment (withdrawal period) but their clinical utility remains unclear.
Time to cardiorespiratory arrest after withdrawal of lifesupporting treatment does indicate the degree of ischaemic organ injury in DCD donors.
begins. Circulatory arrest follows and true warm ischaemia begins (the asystolic warm period), and extends until the donor organs are flushed in situ with cold preservation solution or a circulation is restored using a normothermic extracorporeal oxygenation circuit. At some point following circulatory arrest death can be verified; in the United Kingdom this is 5 min, but there is no international agreement.
The evidence for a specific blood pressure or oxygen saturation at which functional warm ischaemia begins is poor, and different countries and transplant organisations have chosen different values, ranging from a SBP of 35 mmHg to a mean arterial pressure of 60 mmHg [14] [15] [16] . Whether systolic, diastolic, or mean arterial pressure is the best measurement to use remains to be determined. Similarly, low oxygen saturation has been taken as a threshold for functional warm ischaemia, but the threshold varies from 25 to 70% [14, 16] . However, the oxygen saturations measured on a finger probe are likely to be different from those measured using a probe on the tongue (central perfusion) or a femoral artery blood gas, since as hypotension develops there is reflex peripheral vasoconstriction. Moreover, age of the potential donor should also be taken into account as it is likely that in a previously hypertensive elderly individual, the threshold blood pressure for adequate perfusion of organs is very different from that of an otherwise fit young adult.
The point at which asystole occurs is not clearly defined, and may variously be taken as the cessation of contractions on echocardiography, loss of a pulse wave on an arterial blood pressure monitor, or cessation of electrical activity. In reality, the circulation has stopped sometime before electrical activity ceases, so, in determining the precise ischaemic time, it is important to know upon what basis circulatory arrest was defined. Which option is used in practice depends on national recommendations and the discretion of the non-transplant clinician who verifies death.
There is considerable variability in the way that different organisations and centres have defined the duration of warm ischaemia for organs from controlled DCD donors and this factor may have an important influence on whether organs are used for transplantation or considered unsuitable [14] . United States guidelines have defined total warm ischaemic time as the timeperiod from withdrawal of life-supporting treatment to in-situ perfusion [15] and this definition has been used by many to define usability of organs [17] [18] [19] . Although easily measured, total warm ischaemic time fails to take into account the large variability in haemodynamic parameters following withdrawal of life-supporting treatment. A more meaningful approach is to distinguish between total warm ischaemic time and functional warm ischaemic time [14, 15, 20 & ].
Treatment withdrawal in controlled donation after circulatory death donors
To understand the impact of treatment withdrawal on the length and characteristics of the withdrawal period it is necessary to consider the clinical context of the withdrawal process in more detail. The United Kingdom has one of the largest number of DCD donors per million population in the World [1 && ] and hence a UK perspective maybe particularly informative. The UK wide prospective donor audit shows that the most common diagnoses in DCD donors are intracranial haemorrhage (45%), hypoxic brain damage (25%) and trauma/head injury (11%). There must be universal agreement that the decision to withdraw treatment is in the best interests of the patient and independent from any considerations regarding organ donation. Once the decision to withdraw treatment has been made and consent for organ donation sought, withdrawal
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of life-supporting treatment may be delayed until arrangements for organ retrieval have been finalized. The practical details of how withdrawal of lifesupporting treatment is managed vary widely between and within different countries. Clinical guidelines in this area focus predominantly on the general principles of treatment withdrawal rather than the specific details. In the UK, there is, for example, no consensus on airway management during treatment withdrawal. Data from the UK Potential Donor Audit suggest that extubation (i.e. removal of the endotracheal tube) is more often associated with progression to actual organ donation than reduction/withdrawal of ventilation without extubation (15 vs. 4%) and most actual DCD donors in the UK are extubated [1 && ]. There is no consensus in the UK on the use of additional sedation and analgesia during treatment withdrawal in potential DCD donors and controversy exists regarding the limitations of treatment that facilitates organ donation but might hasten death [21] . There is also wide variation in whether withdrawal of treatment is undertaken in the ICU or whether the potential donor is transferred to the operating theatre for treatment withdrawal so that warm ischaemic time following diagnosis of death is not extended by the need for transfer. If treatment is withdrawn in the operating theatre, there are clear guidelines aimed to ensure end-of-life care is given appropriately without involvement of the organ transplant team [22] . In the UK, intervention prior to death is not allowed, so neither administration of drugs, such as heparin nor procedures, such as femoral cannulation are permitted; this is not the case in some countries, notably the USA.
The duration of the withdrawal period
The variable time to death after withdrawal of lifesupporting treatment poses major challenges for both the intensive care team and the organ procurement team and many potential DCD donors do not proceed to organ donation because they do not die within an appropriately short time period after treatment withdrawal. In the United Kingdom approximately 40% of potential DCD donors do not proceed for this reason and the uncertainty regarding donation often causes distress for the potential donor's family as well as logistical problems for the ICU staff and the donor procurement team.
A long withdrawal period is often accompanied by a sustained period of haemodynamic instability and poor oxygenation, resulting in severe ischaemic injury to the organs that preclude their use for transplantation. In addition, an extended withdrawal time has important logistical implications in terms of maintaining an organ procurement team on standby with immediate access to an operating theatre. Consequently, consensus documents and clinical practice guidelines recommend a cut-off time if cardiorespiratory arrest has not occurred within a defined period of time, although this time period varies quite markedly and may vary according to the organ type being retrieved [19, 22] . For example, the Australian guidelines recommend that for DCD donation to proceed, death must occur within 30 min of withdrawal of treatment for liver and pancreas, 60 min for kidney and 90 min for lung [19] . The evidence base for such stand down times is limited. Figure 2 shows that almost half of all potential DCD donors in the United Kingdom die within the first hour, of which 92% become organ donors, compared with just 3% in which death occurs beyond 4 h after treatment withdrawal. Within the first 4 h the organ retrieval team stood down on 67% of occasions. Although many of the potential donors who died beyond 1 h did not become organ donors due to prolonged functional warm ischaemia, in many instances the major factor was that the organ retrieval team had stood down in the face of donor stability. There maybe considerable potential for increasing organ retrieval rates by extending the period of attendance at the donor hospital, although this has logistical implications for both the retrieval team and the donor hospital.
The UK national organ retrieval service have recently introduced minimum periods from withdrawal of life-supporting treatment before the organ retrieval team stands down in order to increase the number of potential DCD donors who convert to donation. Following withdrawal of treatment from a potential DCD donor, the cardiothoracic retrieval team is required to wait at least 2 h and the abdominal team at least 3 h for the onset of functional warm ischaemia (defined as a SBP <50 mmHg). Once the SBP has fallen below 50 mmHg (i.e. onset of functional warm ischaemia), the retrieval teams are required to wait for 30 min before abandoning the liver and pancreas, 1 h before abandoning the lungs, and 2 h before abandoning the kidneys as not transplantable because of excessive warm ischaemic damage.
Predicting the duration of the withdrawal period
If the duration of the withdrawal period for a particular potential DCD donor could be predicted this would help intensive care staff to better use their resources and manage expectations by patient relatives, as well as enable more effective use of organ procurement teams and help to help maximise DCD numbers. Several attempts have been made to devise predictive models for early death after treatment withdrawal but it is important to appreciate that their general applicability may be limited by the nature of the patient demographics, selection criteria and the healthcare setting studied. North American studies have highlighted factors that might have predictive value for early death after treatment withdrawal [23, 24] . Several predictive criteria were identified and as the total of the number of these UNOS DCD criteria met increases so does the percentage of patients dying within 1 h of treatment withdrawal [24] . In the United Kingdom, Suntharalingam et al. [25] reported a multicentre study that evaluated time to death in 91 potential adult DCD donors. After treatment withdrawal two-thirds of potential donors died within 2 h and three-quarters within 4 h. Most of those who became organ donors (83%) died within the first hour of treatment withdrawal. When the clinical factors associated with time to death were assessed, young age, high FiO 2 and non-triggered modes of artificial ventilation were all independently associated with a shorter time to death.
The results of this study are in broad agreement with an earlier study from the USA [24] .
Rabinstein et al. [26] recently produced a simple score based on clinical evaluation that predicts the onset of circulatory death in comatose patients with catastrophic brain damage undergoing withdrawal of life-sustaining treatment. Their scoring system was based on an earlier retrospective single-centre study they had undertaken suggesting that four easily tested clinical variables (absent corneal reflex, absent cough reflex, extensor or absent motor response and high oxygenation index) were each independently associated with death within 60 min of withdrawal of life-supporting treatment from patients with irreversible cerebral damage [27] . Apart from oxygenation index, none of the other non-neurological variables examined (including clinical measures of haemodynamic and additional measures of respiratory function) was independently associated with death within 60 min after withdrawal of life support [26] . When these clinical variables were evaluated prospectively in a multicentre study of comatose patients the authors were able to derive a predictive score for cardiac death in patients in a neurocritical state (the DCD-N score) based on the sum of points awarded for each of the
Time (hours) from withdrawal of life-supporting treatment to asystole. four clinical variables. Absence of corneal reflex, absence of motor response and an oxygen index score of more that 3.0 were each scored one point and absence of a cough reflex two points. They found that a total score of three or more correctly identified 75 of 96 (72%) of those dying within 60 min and a score of 0-2 identified 75 of the 96 (78%) of those who did not die within this time frame. As the authors emphasised the DCD-N scoring system is only applicable to patients that die as a result of irreversible brain injury and the patient population that it was validated on was not restricted to potential candidates for DCD organ donation as it included, for example, patients with cancer and severe infection [26] .
Not reported ≥24
A recent single centre report from a large UK liver transplant unit analyzed all controlled DCD donor liver offers and associated liver transplant rates and then derived and validated models for both the prediction of cardiac arrest and liver graft usability [28] . Over the 10-year study period, a total of 1579 potential DCD liver donors were referred for consideration, of which 621 (39%) were deemed acceptable and of these 400 (64%) underwent cardiac arrest within the designated time period (1 h from withdrawal of life-supporting treatment). From the 400 liver donors, 173 livers (43%) were subsequently transplanted. Factors that predicted cardiac arrest within 1 h in this study were donor age less than 40 years, inotrope use and absence of a gag/cough reflex. The factors that were predictive for non-use of the donor liver were donor age more than 50 years, BMI more than 30, warm ischaemia more than25 min, prolonged stay in ITU (>7 days) and raised ALT.
Using indices to predict time to death inevitably will result in missed opportunities for donation. Firstly, no index is 100% accurate and opportunities for organ recovery will be missed from donors who do die within an hour, and many more who die beyond an hour. Secondly, it presumes haemodynamic instability from the time of treatment withdrawal, which is often not the case.
Maximizing conversion of potential to real donation after circulatory death donors
It is important to emphasise that the time to cardiorespiratory arrest is not a measure of the degree of ischaemic organ injury incurred. Potential DCD donors may remain relatively stable for an extended period of time after withdrawal of life-supporting treatment and then rapidly deteriorate before undergoing cardiorespiratory arrest. Conversely, potential donors may experience profound cardiorespiratory instability following withdrawal of life-supporting treatment making organ donation unwise even though death is subsequently confirmed within 60 min [29] .
A recent single centre analysis of procurement factors that were associated with biliary complications after transplantation with livers from DCD donors reported that of all the time periods during procurement, only asystole to cross clamp time (i.e. the true warm ischaemic period) predicted the development of biliary complications [20 & ].
Other variables examined, including the time period from withdrawal of life-supporting treatment to asystole and adverse haemodynamic changes in the agonal period were not predictive of biliary complications.
Since 2004 our own centre has pursued a policy of adopting a minimum period of 4 h after withdrawal of life-supporting treatment from potential DCD donors before the organ retrieval team is stood down. Analysis of our DCD kidney donor programme showed that extending the stand-down time from 1 to 4 h leads to a 30% increase in the number of DCD kidneys retrieved and transplanted, without compromising transplant outcome [30 && ]. Of 117 potential DCD donors proceeding to kidney donation, 90 (76.9%) had cardiorespiratory arrest within 1 h, eight (6.8%) between 1 and 2 h, 11 (9.3%) between 2 and 4 h and a further eight (6.8%) beyond 4 h. A withdrawal period greater than 1 h was associated with increased donor instability (hypotension, hypoxia, oliguria and anuria, and acidosis) although not uncommonly donors with withdrawal periods of less than 1 h showed haemodynamic instability. Surprisingly, neither haemodynamic instability during the withdrawal period nor the duration of the withdrawal period appeared to adversely influence graft function at 3 or 12 months [30 && ]. First, these findings support the notion that the duration of the withdrawal period per se is not an important determinant of kidney transplant outcome. More controversially the results suggest that the presence of unfavourable withdrawal phase characteristics alone should not be a contraindication to retrieval of controlled DCD kidneys for transplantation.
CONCLUSION
There is considerable scope for further increasing the conversion of potential controlled DCD organ donors to actual organ donors. The duration and course of the withdrawal period is extremely variable and its significance to subsequent transplant outcome not clear. Clinical scoring systems for predicting which donors will die within an hour now exist but they are not yet sufficiently accurate and their clinical relevance is questionable given the recent data suggesting duration of withdrawal period may not be the critical variable in determining transplant outcome.
Recent evidence suggests that using kidneys from DCD donors with an extended withdrawal period can be used to increase the number of transplants performed and provide satisfactory graft function. Future studies should aim to define clinical and physiological variables during the withdrawal period that can be used to maximize well tolerated use of kidneys and other organs from potential DCD donors.
Long withdrawal periods are not an absolute contraindication to organ donation.
